A randomized trial comparing a DNAemia cutoff of 10 000 copies per ml whole blood and first pp65 antigenemia positivity for initiation of preemptive therapy of human cytomegalovirus (HCMV) infection in adult hematopoietic stem cell transplant recipients was completed. DNAemia was chosen for cutoff definition since it is more automatable and standardizable than antigenemia, and more closely reflects the actual viral replication. The primary end point of the study was to compare the number of patients treated in the two arms. A total of 83 patients (42 in the DNAemia, and 41 in the antigenemia arm) were enrolled in the study. The incidence of HCMV infection, as detected by the relevant randomization assay (76% in the DNAemia versus 85% in the antigenemia arm), was comparable in the two arms, whereas the number of patients treated was significantly lower in the DNAemia arm (63 versus 80%, P ¼ 0.02). A single patient in the DNAemia arm suffered from biopsy-proven HCMV gastric disease diagnosed in the absence of detectable virus in blood. The incidence of graft-versus-host disease, and transplantation-related mortality did not differ between the two arms. In conclusion, our study shows that the use of a cutoff significantly reduces the number of patients requiring antiviral treatment, thus sparing unnecessary drug administration.
Introduction
Human cytomegalovirus (HCMV) infection still remains the most frequent viral complication of the post transplant period in both solid organ and hematopoietic stem cell transplant (HSCT) recipients. Of the two currently adopted strategies for prevention of HCMV disease, prophylaxis requires sustained administration of antiviral drugs to all transplanted patients with disadvantages in terms of drug toxicity, 1,2 while preemptive therapy requires administration of anti-HCMV drugs only to patients with HCMV infection in blood, and is based on continuous monitoring of HCMV infection in blood by either antigenemia or DNAemia. 1, [3] [4] [5] [6] Unlike solid organ transplant recipients, preemptive therapy in HSCT recipients is generally initiated upon the first confirmed positive result for HCMV in blood. 4, 5 This approach has been utilized due to the high risk of HCMV interstitial pneumonia in HSCT recipients in the early post transplant period. 7 In a recent study conducted by our group in which an ultrasensitive diagnostic assay (immediate-early mRNA detection by nucleic acid sequence-based amplification) was compared with antigenemia, it was shown that this sensitive assay led to treatment of a higher number of patients with respect to antigenemia. 8 At this time, based on a retrospective analysis of DNAemia levels in HSCT recipients undergoing antigenemia-guided surveillance of HCMV infection, 9, 10 we decided to compare a predetermined cutoff of 10 000 copies per ml whole blood with first antigenemia positivity, for preemptive therapy guidance of HCMV infection in a population of pediatric HSCT recipients. DNAemia was chosen for cutoff definition instead of antigenemia, since the assay is partially automatable and standardizable, and more closely reflects the actual viral replication in vivo. Results of this recently completed study showed that patients in the DNAemia arm were treated in a significantly lower number as compared to those in the antigenemia arm. 11 In parallel, we conducted a similar trial in adult HSCT recipients, to verify whether use of the DNAemia cutoff spared antiviral treatment in a significant portion of this patient population in comparison to antigenemia. This study was particularly stimulated by our knowledge that the frequency of HCMV infection in the post transplant period is about twice in adults (70-80%) as compared to young (30-40%) HSCT recipients.
Patients and methods

Patients
From December 2002 to April 2007, a total of 88 consecutive adult patients (median age 44, range 20-67, years) received an unmanipulated allogeneic HSCT from an human leukocyte antigen (HLA)-identical sibling (n ¼ 45) or an unrelated donor (UD, n ¼ 43) at the Unita`di Trapianto di Midollo, Clinica Ematologica, Fondazione IRCCS (Istituto di Ricovero e Cura a Carattere Scientifico) Policlinico San Matteo, Pavia, Italy. Inclusion criteria were serological evidence of past HCMV infection in the donor (D) or recipient (R) and patient's written informed consent, while exclusion criteria were D/R seronegativity for HCMV, T-cell depletion of the graft and a life expectancy less than 2 months. Five patients were dropped from the study (two were lost to follow-up and three had protocol violations). The characteristics of the 83 patients analyzed in the study are reported in Table 1 .
Study design
Following approval from the local ethics committee and institutional review board, a prospective, randomized, open-label trial comparing the use of a DNAemia cutoff versus first positive antigenemia for initiation of preemptive therapy of HCMV infection in HSCT recipients was carried out.
The primary end point of the study was the comparison of the number of patients treated in the two arms. Secondary end points were comparisons in the two arms of the frequency of HCMV infection, time to initiation of antiviral therapy, frequency of relapse episodes and relapse episodes requiring antiviral treatment, overall duration of antiviral treatment as well as first course of treatment. Finally, the occurrence of graft-versus-host disease (GVHD) and transplant-related mortality (TRM) was investigated in the two arms.
The sample size calculated by the w 2 test indicated a minimum number of 37 patients to be randomized per arm, based on a significance level of 0.05, a study power of 0.80, and the hypothesized need for treatment in 80% of patients allocated to the antigenemia arm and 50% of patients allocated to the DNAemia arm. This hypothesis was based on previous studies conducted at our institution.
HCMV infection and disease were defined as previously reported. 12 Patients were randomized to either arm using a block random design for two groups on the basis of donor type (sibling versus UD). In the DNAemia arm, patients were treated upon reaching a DNA level of 10 000 copies per ml whole blood, a cutoff selected in view of results from previous studies, 9,10 while treatment was stopped after two consecutive negative results. Infection relapses were treated similarly. In the antigenemia arm, patients were treated immediately upon detection of two or more pp65-positive leukocytes. When a single positive leukocyte was detected, patients were treated if antigenemia positivity was confirmed at the subsequent control (that is, after 2-3 days). Therapy was discontinued upon two consecutive negative results, and relapse episodes were treated similarly. Patients in the DNAemia arm were also tested for antigenemia, while patients in the antigenemia arm were also tested for DNAemia. However, results of these assays were not transmitted to clinicians, thus not influencing therapy.
GVHD prophylaxis consisted of cyclosporine A associated with a short course of methotrexate and steroids (methylprednisolone 0.5 mg/kg per day from day þ 4 until day þ 30) for patients receiving the allograft from an HLAidentical sibling, whereas patients transplanted from an UD also received antithymocyte globulin (ATG) at the total dose of 7.5 mg/kg over 3 days before stem cell infusion. Acute GVHD was treated with steroids as first-line therapy (methylprednisolone 2-5 mg/kg per day), while patients with steroid-resistant disease were treated with extracorporeal photochemotherapy 13 or ATG. All patients enrolled in the study were given transfusions of irradiated leukocytedepleted red blood cells, platelets and frozen plasma from blood donors not screened for HCMV serology. In addition, all patients were given acyclovir for prophylaxis of herpes simplex virus reactivation from day À1 through day þ 30. Intravenous ganciclovir (5 mg/kg, b.i.d.) was administered as preemptive therapy in both arms. Relapse episodes were treated similarly. In case of drug toxicity, foscarnet (90 mg/kg, b.i.d.) was given as a replacement for ganciclovir.
Virological follow-up
Patients were monitored for HCMV infection for at least 3 months after HSCT. As a rule, anticoagulated blood samples were collected twice a week until day þ 45 and weekly thereafter, unless patients showed virological evidence of active HCMV infection at the time of expected monitoring discontinuation. In this case, monitoring was continued until virus disappearance from blood. Subsequently, HCMV monitoring was performed in all patients at least at 6, 9 and 12 months post-HSCT and in the presence of clinical signs or symptoms suggestive of HCMV disease. The median follow-up of surviving patients was 15 months (range 3-41) for patients allocated to the DNAemia arm, and 19 months (range 3-50) for patients allocated to the antigenemia arm (P ¼ NS). The D/R serostatus was determined by ELISA prior to transplantation.
14 DNAemia was quantified by real-time PCR according to a procedure previously reported. 15 HCMV DNA copy number was determined from DNA aliquots extracted from 10 ml whole blood (NuclisensEasy MAG extractor, BioMe´rieux, Durham, NC, USA) according to Boom et al. 16 Results were multiplied by 100 to achieve copy number per ml. The detection limit of the assay is 1000 DNA copies per ml blood. The antigenemia assay was performed by counting the number of pp65-positive leukocytes/2 Â 10 5 leukocytes examined. 17, 18 In 52 patients (25 in the antigenemia, and 27 in the DNAemia arm), HCMV-specific CD4 þ and CD8 þ T-cell reconstitution was monitored according to a method previously reported. HCMV-specific immune reconstitution was considered to have occurred in patients reaching levels of HCMV-specific CD4 þ and CD8 þ T cells greater than 0.4 per ml blood (that is, the minimum level observed in healthy HCMV-seropositive subjects). 19 Statistical analysis Data were analyzed as of 15 July 2007. Differences between medians were compared by using the Mann-Whitney Utest. Differences in percentages were tested using the Pearson's w 2 test, while the Fisher's exact test was used to evaluate differences in percentages when the total sample size was less than 30. All tests were two tailed. A Cox regression model was adopted to analyze factors potentially associated with HCMV infection or anti-HCMV preemptive therapy. Grade II-IV acute GVHD was evaluated as a time-dependent variable and considered only if occurring before HCMV infection or anti-HCMV treatment. The probabilities of HCMV infection, need for preemptive therapy, acute GVHD and 1-year TRM were calculated and expressed as cumulative incidence taking into account competing risks. 20, 21 P-values lower than 0.05 were considered statistically significant.
Results
Detection of HCMV infection
As shown in Table 2 , in the post transplantation period, HCMV-DNA was detected in blood of 32 of 42 (76%) patients enrolled in the DNAemia arm, whereas HCMV antigenemia was detected in 35 of 41 (85%) patients in the antigenemia arm (P ¼ NS). The cumulative incidence curves (Figure 1a) showed a probability of HCMV infection (as detected by the relevant randomization assay) at day þ 360 of 76% (95% confidence intervals (CI) 64-90%) in the DNAemia arm, and 85% (95% CI 75-97%) in the antigenemia arm (P ¼ 0.20). However, since DNAemia was also determined in patients of the antigenemia arm, as well as antigenemia was also tested in patients of the DNAemia arm, it was possible to compare results of the two assays in the whole patient population (regardless of randomization arm). In this respect, a trend toward a higher proportion of patients with positive antigenemia (69 of 83 patients, day þ 360 cumulative incidence 84%, 95% CI 76-92%) as compared to patients with positive DNAemia (57 of 83 patients, day þ 360 cumulative incidence 69%, 95% CI 59-79%) was detected (P ¼ 0.07).
Preemptive therapy
The number of patients requiring antiviral treatment was significantly lower in the DNAemia arm (25 of 42 patients, 60%) as compared to the antigenemia arm (33 of 41 patients, 80%), as shown in Table 2 (P ¼ 0.03). The cumulative incidence curve of the probability of starting preemptive therapy at day þ 360 was 63% (95% CI 49-79%) in the DNAemia arm and 80% (95% CI 69-94%) in the antigenemia arm (P ¼ 0.02; Figure 1b) . In more details (Table 2) , among the 32 of 42 patients in DNAemia arm in which HCMV-DNA was detected in blood, 7 had DNA levels consistently below 10 000 copies per ml blood (and HCMV infection resolved spontaneously), whereas the other 25 reached the cutoff for starting preemptive Table 2 Preemptive therapy of HCMV infection in the two randomization arms (Table 2) . Similarly, the median duration of the first course of treatment as well as the total duration of antiviral therapy was not significantly different between the two randomization arms (Table 2) . No case of HCMV disease was observed in either arm during the study period, except for a single patient allocated to the DNAemia arm who was affected by biopsy-proven HCMV gastritis 4 months after transplantation in the absence of virus in blood ( Table 2 ). The gastric disease was treated with ganciclovir and resolved following a 3-week treatment course.
The cumulative incidence of grade II-IV acute GVHD as well as that of TRM was comparable in the two arms. The cumulative incidence of grade II-IV GVHD was 31% (95% CI 20-49%) in the DNAemia and 27% (95% CI 16-44%) in the antigenemia arm (P ¼ NS). The 1-year TRM was 35% (95% CI 22-55%) in the DNAemia, and 27% (95% CI 16-46%) in the antigenemia arm (P ¼ NS).
The following variables potentially influencing the detection of HCMV infection were analyzed (Table 3) : conditioning regimen (chemotherapy based/total body irradiation), stem cell source (bone marrow/peripheral blood), donor serostatus (HCMV-seronegative/seropositive), recipient serostatus (HCMV-seronegative/seropositive), donor type (unrelated/sibling), ATG administration (yes/no), randomization arm (antigenemia/DNAemia) and acute GVHD (grade 0-I/II-IV). In multivariate analysis, factors significantly associated with the detection of HCMV infection in the entire patient population were HCMV seropositivity recipient, an UD and allocation to the antigenemia arm. In addition, HCMV seropositivity of the recipient and allocation to the antigenemia arm were the only factors statistically influencing the probability of receiving preemptive therapy in the multivariate analysis. No influence of acute GVHD on the occurrence of HCMV infection and requirement of preemptive therapy was observed (Table 3) .
Viral load at treatment initiation
As shown in Figure 2a , upon initiation of treatment, median DNAemia levels were significantly higher in the 25 treated patients of the DNAemia arm (20 300, range 10 000-147 200, copies per ml) as compared to the 33 treated patients of the antigenemia arm (1100, range 0-68 700, copies per ml; Po0.01). Similarly (Figure 2b) , levels of antigenemia were significantly higher in the DNAemia (14, range 0-300, pp65-positive leukocytes) as compared to the antigenemia arm (3, range 1-39, pp65-positive leukocytes; Po0.01).
Immune control of HCMV infection HCMV-specific CD4
þ and CD8 þ T-cell reconstitution data were available for 52 patients equally distributed between the two randomization arms. The cumulative incidence of the immunological reconstitution for HCMVspecific CD4 þ in adult HSCT recipients at 100 days after transplantation was 72% (CI 56-92%) in the antigenemia and 68% (53-89%) in the DNAemia arm, and for HCMVspecific CD8 þ 84% (71-100%) in the antigenemia and 80% (65-97%) in the DNAemia arm. The difference between the two arms was not significant for either CD4 þ or CD8 þ T-cell-mediated immune response.
Discussion
In the past, preemptive therapy of HCMV infection in HSCT recipients was initiated upon first detection of virus in blood. The rationale for this approach was based on the risk of an early progression to interstitial pneumonia, a severe complication associated with a high fatality rate. 7 Of the two assays currently employed for diagnosing HCMV infection in blood, DNAemia has been shown to correlate with the actual viral replication rate more closely than antigenemia. 22 The latter assay is based on the detection of the viral protein pp65 in peripheral blood leukocytes of transplant recipients. The synthesis of this protein can occur independently of viral DNA replication. 23 Based on this knowledge and the results of a receiveroperator curve analysis, 9, 10 we recently terminated a trial in young HSCT recipients in which a DNAemia cutoff of 10 000 copies per ml blood was compared to initial antigenemia positivity for starting preemptive therapy of HCMV infection. 11 Results of this study showed that a DNAemia cutoff can be safely adopted to guide preemptive therapy of HCMV infection in HSCT recipients (no case of HCMV disease was observed), while the number of patients requiring treatment with respect to antigenemia was significantly decreased.
In the present study, we decided to compare the same DNAemia cutoff of 10 000 copies per ml blood with first antigenemia positivity in an adult HSCT recipient population showing a much higher rate of HCMV infection in the post transplant period with respect to the pediatric patient population. Our results are in agreement with those of a recent investigation 24 and indicate that a DNAemia cutoff can be safely used to guide preemptive therapy of HCMV infection in adult HSCT recipients. The single case of HCMV disease was relevant to a late case of HCMV gastritis occurring 4 months after transplantation in the absence of virus in blood. In addition, adoption of a cutoff of 10 000 copies per ml blood significantly decreased the number of patients requiring treatment with respect to antigenemia. Although statistical significance was not reached, the median 6-day delay in treatment initiation observed in the DNAemia arm (Table 2 ) appears crucial. During this time interval, HCMV infection may be spontaneously controlled in the DNAemia arm by the reconstituting recipient immune system, which has been shown to develop protective levels of HCMV-specific CD4 þ and CD8 þ T cells in the great majority of HCMV-seropositive patients within the first 2-3 months after transplantation. 25 The finding obtained in this study that both DNAemia and antigenemia were significantly higher in the DNAemia arm as compared to the antigenemia arm suggests that during the interval between first antigenemia detection and attainment of the DNAemia cutoff, HCMV infection may have exerted a stimulatory effect on HCMV-specific immune reconstitution. Finally, use of a DNAemia cutoff did not entail any difference in both acute GVHD occurrence and TRM with respect to antigenemia. In multivariate analysis, among the different variables examined, HCMV seropositivity, an UD and the allocation to the antigenemia arm were the factors correlating with the detection of HCMV infection. In addition, HCMV seropositivity and the enrollment in the antigenemia arm correlated also with the need for preemptive therapy. We confirmed that seropositivity of the recipient correlates with HCMV infection as already shown in our previous study in pediatric patients. 25 The significantly higher incidence of HCMV detection in the antigenemia arm, as revealed by multivariate analysis, might depend on the lack of correlation between antigenemia positivity and viral replication. These findings, along with our previous observations showing a better correlation of DNAemia than antigenemia with clinical symptoms, 26 and a series of our unpublished observations showing a striking dissociation between high antigenemia and low DNAemia levels, even prior to antiviral treatment, suggest that pp65 synthesis in the absence of HCMV DNA replication may be the major factor influencing the higher risk ratio for HCMV infection in the antigenemia arm. In addition, the significantly higher incidence of treated patients in the antigenemia arm may be referred to lack of a cutoff in the antigenemia arm (increasing number of patients treated), but it could also be partially attributed to the same mechanism of pp65 synthesis.
In conclusion, although both assays may be used to safely guide preemptive therapy of HCMV infection in HSCT recipients, the use of a DNAemia cutoff of 10 000 DNA copies per ml blood resulted in a significant reduction in the number of patients preemptively treated, thus sparing unnecessary antiviral treatment in a significant proportion of patients. It cannot be excluded that a better preemptive therapy strategy could be achieved by adopting a cutoff also for the antigenemia assay instead of first antigenemia positivity (Figure 2 ). However, DNAemia more closely reflects the actual viral replication in vivo and the assay is automatable and standardizable. In this respect, a recent trial on HCMV DNA quantification performed by a number of Italian transplantation centers showed a variability range of 0.5-0.7 log 10 among the different home-brewed and commercial assay systems available (unpublished data). Thus, DNAemia should become the first choice assay for monitoring of HCMV infection and preemptive therapy in HSCT recipients, and a DNAemia cutoff of 10 000 copies per ml blood appears safe and clinically useful.
